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Abstract
We investigate the prospect of the LHC for discovering new physics effects via new strate-
gies in the same-sign top pair and same-sign top pair associated with a W boson signatures.
Significant enhancement in production of same-sign top quarks (plus a W boson) is a joint
property of several models beyond the standard model. We concentrate on the leptonic (elec-
tron and muon) decay of the top quarks and study the exclusion reach of the LHC data for
a simplified model approach where top quark flavor changing could occur through a Z ′ or a
neutral scalar φ exchange. Less background contributions and clean signature are the advan-
tages of the leptonic decay mode of the top quarks in the same-sign production processes. A
combination is performed on both same-sign top pair and same-sign top pair plus a W boson
production modes which enables us to reach a large fraction of the model parameter space.
Assuming the couplings of new physics of the order of 10−2, the mass of a flavor changing Z ′ or
a neutral scalar above 1 TeV could be excluded. We propose a momentum dependent charge
asymmetry and angular observables in the same-sign top process which provide the possibility
of separation of new physics signal from the SM backgrounds as well as discrimination of the
flavor changing tuX from tcX, where X = Z ′, φ.
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1 Introduction
Despite the marvelous successes of the Standard Model (SM) at the electroweak scale, we strongly
believe there exists new physics (NP) beyond the SM. Among all fermions in the SM, top quark
causes the most serious hierarchy and plays an essential role in the vacuum stability [1]. Top
quark has the strongest coupling with the Higgs boson as a result the quantum loop level effects
on precise measured observables could be significant. Such strong effects can be connected to the
couplings of new degrees of freedom to the top quark.
Within the SM framework, flavor changing neutral currents (FCNCs) in the top quark sector
are not present at leading-order in both Yukawa and gauge interactions. However, the FCNC
couplings could be generated from loop-level box diagrams which are extremely suppressed due
to the Glashow-Iliopoulos-Maiani (GIM) mechanism [2]. We note that any FCNC interaction
occurring between the first two quark generations is significantly constrained by the low energy
experiments [3]. However, there is a large concentration on the top quark FCNC couplings as
the constraints are rather mild. The top quark FCNC processes could raise considerably in the
presence of well-motivated new physics models. Among these models, there are scenarios such
as supersymmetric extensions of the SM and the two Higgs doublet models where the FCNCs
increase because of the new loop level diagrams mediated by new particles [4–13]. Moreover,
there are proposed theories beyond the SM in which top quark FCNCs could show up through
the exchange of a new neutral scalar or a neutral gauge boson. Some of the models attempt to
explain the flavor structure of the SM, where a new mediator is introduced with couplings that
are stronger to quarks with larger masses. If the mediator is a scalar, which acquires a vacuum
expectation value (vev) similar to the Higgs mechanism, its couplings to fermions is proportional
to their masses [11,14–20]. In addition, the top quark FCNC could occur via a Z ′ boson exchange
which can originate from Grand Unified Theories (GUT). In such models, a Z ′ boson can couple
universally to the three fermion generations in a flavor diagonal way with a possibility of mixing
all SM quarks by Z and Z ′ bosons [21]. The flavor changing Z ′ has been also expected in theories
with dynamical symmetry breaking approach. The top quark flavor changing have already been
studied in many papers in the context of non-universality, where the strength of the couplings are
different among different generations [21–33]. There are also beyond the SM theories where the
flavor changing could proceed through color sextet vector and scalar bosons [34,35].
Other class of beyond the SM theories leading to possible top quark FCNCs through a neutral
scalar φ or a vector Z ′ is related to the hidden sector. In these models, the dark matter candidate
from the hidden sector can couple to the SM fields in a flavor changing way through a vector
or a scalar mediator [36, 37]. Such models lead to production of a top quark associated with
dark matter or in association with a Z ′ that decays into dark matter at the LHC [18, 38]. These
processes have a final state of a top quark plus large missing energy (so called monotop) which is
not present at leading-order in the SM. Searches for monotop production have been carried out by
the CMS and ATLAS experiments at the LHC where no significant excess above the SM prediction
has been observed, and bounds are placed on the mass and couplings of the mediators [39–41].
It is notable that in addition to the FCNC interactions, the monotop production at the LHC
is expected from baryon number violation as well [42]. While many of the above models have
received much attention, considering the present experimental measurements tells us that these
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theories are allowed providing that the new degrees of freedom are heavy enough or their couplings
to the SM particles are significantly small.
In Ref. [43], the LHC signatures of the right-handed tcZ ′ coupling have been studied. Such a
FCNC coupling is inspired to explain the observed anomaly in the transitions of B → K(∗).
In addition to the monotop production, if a vector or a scalar flavor changing exists, same-sign
top quarks could be produced through the Z ′ or φ exchange in qq → tt (q¯q¯ → t¯t¯) process, where
q = u, c. In the SM, the same-sign top pair production proceeds through one loop as depicted
in Fig.1. The SM uu(u¯u¯) → tt(t¯t¯) is proportional to |Vuq′Vtq′ |2 (q′ = d, s, b) and the down-type
quark masses. Therefore, within the SM the same-sign top pair production is expected to be
significantly suppressed. This makes the same-sign top pair process a very interesting signature
as it has a very small amount of SM background and could be observed as a pair of same-sign
charged leptons associated with two b-jets.
q = u,c
q = u,c
W
W
d,s,b
d,s,b
t
t
Figure 1: Lowest order same-sign top quark pair production in the SM at the LHC.
Another clean signature for the top quark flavor changing of tqZ ′ and tqφ at the LHC is the
same-sign top pair production associated with a W boson. In the SM framework, the lowest
order ttW−(t¯t¯W+) production proceed through electroweak interactions at leading order with a
production rate of order of 10−4 fb. Similar to the same-sign top pair, studying this process has a
much clear signature and this process is easy to discriminate from the SM background processes.
The ttW− process could be observed in the form of two light flavor jet from the W boson decay
and a pair of same-sign charged leptons associated with two b-jets from the semileptonic top
quarks decays.
In this paper, we study the same-sign top pair production at the LHC sensitivity on the
basis of a simplified model approach describing the top quark flavor changing through a scalar
or a vector boson. New variables are introduced to enhance the signal-to-background ratio. We
propose a transverse momentum based charge asymmetry which could indicate the new physics
effects in tt production process as well as angular observables to distinguish between the signal
from background processes and tuX signal scenario from the tcX. Additionally, we propose to
use the ttW− + t¯t¯W+ process to search for the vector or scalar flavor violating effects at the
LHC as a complementary channel to the monotop and the same-sign top quark pair. Then, we
perform a statistical combination of tt and ttW processes which improves the exclusion limits
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considerably. The analyses are based on a realistic simulation of the detector response and the
main SM background processes are taken into account. In particular, to include the detector
response we focus on a CMS-like detector [44].
The rest of this manuscript is organized as follows. In Section 2, we present the theoretical
formalism which is followed to search for the new physics effects. We then extract the exclusion
limits on the parameter space for both scalar and vector FCNCs from the D0 − D¯0 mixing in
Section 3. Section 4 is dedicated to present the details of the strategies and the analyses of tt and
ttW channels as well as the new sensitive observables. The results of the statistical combination
of two processes are given in this section. Our conclusions are presented in Section 5.
2 Theoretical formalism
As we discussed in the previous section, the exchange of new top quark flavor changing states
leads to tree level tt and ttW productions, and consequently would result in modifications of the
inclusive tt and ttW production cross sections of these processes. We perform a detailed study
of this possibility based on scenarios in which the SM is extended by either adding a new vector
boson or a new scalar boson affecting the tt and ttW productions at tree level. Similar to the SM,
we assume QCD interactions respect flavor conservation and the FCNC interactions occur via a
weak sector. The relevant effective Lagrangian including a new flavor changing vector (Z ′) or a
flavor changing scalar (φ) is given by [36]:
L = LSM + LKinetic + Z ′µu¯i(aZ
′
ij γ
µ + bZ
′
ij γ
µγ5)uj + φu¯i(a
φ
ij + b
φ
ijγ
5)uj + h.c., (1)
where the heavy mediators fields are denoted by Z ′ and φ, LKinetic contains the kinetic terms of
Z ′ and φ fields. The coupling matrices aZ
′/φ
ij and b
Z′/φ
ij denote the vector- and axial-couplings
between up-type quarks with flavor i and j which proceeds through the exchange of either vector
Z ′ or scalar φ. In this work, for simplicity the axial couplings are neglected, i.e. bZ
′/φ
ij = 0, and we
only consider the purely flavor changing interactions of the new states, i.e. aii = 0 for i = u, c, t.
The new states Z ′ and φ could play connection roles with an invisible fermionic state χ [37]. In
this paper, we restrict ourselves to only production mechanisms of tt and ttW involving Z ′ and
φ. Consequently, the interactions with the invisible sector are not taken into account. As we set
aii = 0, any diagrams containing Z
′tt¯ and φtt¯ couplings do not contribute in the signal processes.
The phenomenology of top quark flavor changing mediators has been discussed in many papers.
Some studies have considered the associate production of top quark with the mediator, where the
mediator subsequently either decays to another pair of SM particles or is a connector to Dark
Matter (DM) and goes to a pair of DM particles [29, 45]. The production of a top quark in
association with a charm quark at the LHC and the CLIC electron-positron collider via a Z ′
flavor changing in the s-channel have been studied in Refs. [21, 24] and the discovery regions of
the new model parameter space have been presented. In addition to the production mechanisms
to probe the properties of the new flavor changing mediators, such model’s parameter space could
be also probed by looking at the top quark decays. Several papers have looked at t → cX
flavor changing transitions at the LHC [30,46–52], mostly with the assumption of anomalous top-
up(charm)-g/γ/Z couplings. Nonetheless, in the case of assuming a new BSM particle, such a
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mediator is required to be heavier than the top quark [53]. However, as the bounds derived from
these searches rely on flavor diagonal couplings, they do not apply to our particular scenario.
3 Indirect probes: D0 − D¯0 mixing
In this section, we discuss the effects of a scalar φ and a vector Z ′ boson with FCNC couplings to
the up-type quarks on the D0 − D¯0 mixing and derive the bounds on the couplings and masses
of scalar φ and Z ′ boson. Within the SM, the D0 − D¯0 mixing is a manifestation of FCNCs that
occurs as the flavor eigenstates are different from the physical mass eigenstates of the D0 − D¯0
system. Both the short-range quark-level transitions and the long-range processes contribute to
D0 − D¯0 oscillation. The short-range contributions proceed via loops where the virtual particles
are mediated [54–56]. This causes the study of the D0−D¯0 mixing more interesting as new physics
models with new (FCNC) degrees of freedom could be examined through it. The parameters of the
new vector and scalar FCNC interactions to two up-type quarks could be significantly constrained
using the measurement of D0 − D¯0 mixing which is affected at both the tree level and loop level.
The Feynman diagrams of a scalar φ or a vector Z ′ flavor changing which contribute to the D0−D¯0
mixing are depicted in Fig.2.
φZ'/
φZ'/ φZ'/
φZ'/
φZ'/
c
u
u
c
c t u
u t c
c u
u c
t t
Figure 2: The diagrams of Z ′/φ that contributes to D0 − D¯0 mixing at tree level and at loop
level.
Assuming the mediator has up-charm (auc), up-top (aut), and charm-top (act) couplings, it can
have significant contribution to neutral D meson mixing. If the mediator is Z ′, its contribution
to the mass difference between the two mass eigenstates is given by [21]:
∆MD =
f2DM
2
DBD
12m2Z′
[
a2uc + (autact)
2 x
8pi2
(32f
Z′ (x)− 5gZ′ (x))
]
(2)
where f
Z′ (x) =
1
2
1
(1− x)3 [1− x
2 + 2x log x]
g
Z′ (x) =
2
(1− x)3 [2(1− x) + (1 + x) log x]
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and the scalar FCNC contributions to the mass difference can be expressed as [57]:
∆MD =
f2DMDBD
24pi2m2φ
[
a2uc + (autact)
2fφ
(
m2t
m2φ
)]
(3)
where fφ(x) = − 1
1− x −
log(x)
(1− x)2 +
x2 − 4x+ 3 + 2 log x
2(1− x)3 .
where in both Eq.2 and Eq.3, the first term in the square bracket represents the tree level contri-
bution and the second term is due to the box contribution, x ≡ m2Z′/φ/m2t , MD ∼ 1.9 GeV is the
mass of D meson, fD ∼ 223 MeV is its decay constant, BD ∼ 1 is the bag model parameter, and
aij is the coupling between i and j up-type quarks. In this work, we set auc = 0 and only focus
on the FCNCs of top and up/charm quarks via Z ′ and φ. The current bound on D meson mixing
is ∆MD < 3.6 × 10−7 [58, 59] by which constraints in the planes of (aut,mZ′/φ) and (act,mZ′/φ)
are presented in Fig.8 for different values of act and aut, respectively. The bounds from D meson
mixing on aut and act are similar.
4 Collider signatures
At the LHC, the rates of top quark production are of the order of several hundreds pb, which are
relatively large among the interesting processes. Although top quarks are mainly produced singly
via electroweak interaction or in pair of top-antitop via strong interactions, searches for same-sign
top quarks and same-sign top quarks associated with a W boson are important as new physics
can enhance their rates.
In this section, first we will carry the analysis in the same-sign top quark pair production, and
find the allowed region of the parameter space for different scenarios of the integrated luminosities
at the LHC with the center-of-mass energy of 14 TeV. Then, the reach with same-sign top quarks
plus a W boson is studied. Finally, a combined statistical analysis is performed on tt and ttW
channels and we show how the combination can extend the sensitivity in the parameter space.
4.1 Two same-sign tops
The existence of flavor changing in the top quark sector via either a scalar φ or a vector Z ′
would allow the production of same-sign top quark pair in proton-proton collisions at the LHC.
Representative Feynman diagrams at parton level for the same-sign top quark pair production at
the LHC via a flavor changing scalar (φ) or a vector boson (Z ′) exchange are shown in Fig.3.
u,c
u,c
φZ'/
t
t
u,c
u,c
φZ'/
t
t
Figure 3: Representative Feynman diagrams for the same-sign top quark pair production at the
LHC via a scalar (φ) and a vector (Z ′).
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Same-sign top pair production is the most optimal channel to look for our signal, because of
two main reasons: (i) it has a very low and reducible background; (ii) in the case of up-top flavor
changing, the top quarks will be produced from up quarks, which are proton’s valence quarks.
Due to their higher PDFs, the cross section involving up quarks is more significant, and the top
quarks in the final state are more energetic. This signal property is helpful for more discrimination
of signal from background. Top anti-quarks coming from u¯-quarks (sea quarks) suffer from lower
PDF, and the
√
sˆ in this case tends to be much lower. Therefore, the final states of anti-tops
are less energetic with respect to the same-sign top pair. The production cross sections of the tt
process as a function of the Z ′ and φ mass once with aut = 0.25 and once with act = 0.25 are
presented in Fig.4.
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Figure 4: The production cross sections of the same-sign top pair and same-sign top pair
associated with a W boson in terms of the mass of the Z ′ (top) and φ (bottom). The right plots
are for the case aut = 0.25, act = 0.0 and the left plots are for the case that aut = 0.0, act = 0.25.
As indicated before, study of the same-sign top quark due to the scalar and vector FCNCs has
the advantage of enhancing the sensitivity to the signal parameter space. Since the jets charge
measurement at the LHC is a much complicated task and has high uncertainties, we require
top quarks to decay leptonically, even though lower statistics is expected due to lower branching
fractions. The final state of signal consists of two same-sign charged leptons, two b-jets and large
missing energy. Based on the final state, the main backgrounds are listed below which some
emerge as a result of detector limitations such as missing some objects at the detector, or fake
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objects:
pp→ tt(t¯t¯)→ `±`±bbν`ν¯` (SM process),
pp→W±W±|leptonic decay + jets,
pp→ tt¯W±|leptonic decay, and pp→ tt¯Z|leptonic decay,
pp→W±W±|leptonic decay + jets , Double Parton Scattering,
pp→ tt¯→ b(→ `)`ν` b¯jj,
pp→W±W∓jj, and pp→ V V jj, V = Z, γ,
The production of double same-sign top quarks tt(t¯t¯) in the SM are through loops involving
CKM entries and thus negligible. The pp→ W±W±+jets process is the irreducible background,
where the W s are same-sign and they both decay leptonically. Figure 5 depicts example Feynman
diagrams for the QCD induced production of W±W±+jets.
The tt¯W± [60] and tt¯Z processes, with leptonic decay of the W boson or Z boson and semi-
leptonic decay of the tt¯ pair, could have same-sign dilepton in the final state therefore it contributes
to the background. The final state of these two processes contains more jets with respect to the
tt(t¯t¯) signal events. The tt¯Z process is in particular a background when one of the charged leptons
from the Z boson decay escapes detection.
Another important background is pp→ tt¯→ jb`ν` j¯bjj, where one of the b-jets (jb) include a
lepton in its jet (the B meson decays to leptonic final states with s branching fraction of about
10%). If the two leptons in the process have same-signs, this process would be a background to
our signal. Although the odds of such process seem small, due to the high cross section of tt¯ at
the LHC, this process could be important.
The other backgrounds are due to detector mis-measurements or objects that are missed in the
detector. Some of these are W±W∓+jets and V V+jets, where the V = Z or γ decay leptonically.
In such situations, we may have two leptons of the same-sign and two jets. This happens in
the cases that a real opposite-sign dilepton pair is present in the final state and the charge of
the leptons is mistaken by the detector. The charge misidentification probability is negligible for
muons with respect to electrons. For the electron, the main effect comes from the conversion of
e± → e±γ → e±e∓e± in the detector. The charge misidentification probability is dependent on
the lepton pT and goes up at very high pT . For the processes considered here, highly boosted
leptons are very unlikely. Hence, due to small cross sections of these processes and low charge
misidentification of the leptons, we ignore these backgrounds in the analysis.
Another source of background is the W±W±jj from Double Parton Scattering (DPS). The
W±W±+jets from DPS arises from the cases that two various hard parton-parton interactions
occur at the same time in a single proton-proton collision. The rate of W±W±jj is estimated
using σ(W±j)2/(2σeff ) [61], where σ(W±j) is the W±+jet rate, factor of two in the denominator
is a symmetry factor for the identical processes and σeff is the total effective proton-proton cross
section at the LHC which is of the order of 15 mb.
The signal processes are simulated using the Monte Carlo (MC) generator MadGraph5-aMC@NLO
[71], and an already available Universal FeynRules Output (UFO) model [72,73]. Then the parton-
level events are passed through Pythia 6 [74] for parton shower, hadronization and decay of
unstable particles. The detector effects are simulated using Delphes 3 [75]. At the detector level,
8
d¯d¯
u¯
u¯
W+
W+
W+
W+u
d
d
d¯
d¯
u¯
u
u
d¯
d
d
d
W+
W+
d
d
Figure 5: Representative Feynman diagrams for the W±W±+jets production at the LHC. The
initial states in this background can be both from the valence quarks (left), only one of them
coming from the valence quark (middle), or both coming from sea quarks (right).
the pile-up effects are not considered. The background samples are also generated in a similar
fashion. For tt¯ background, in Pythia, the mesons which include b-quarks are forced to decay
leptonically to increase the statistics of our study.
The considered final states are µ±µ±νµνµjbjb, e±e±νeνejbjb, and e±µ±νeνµjbjb, where jb de-
notes a jet originating from the hadronization of a b-quark. The event selection is designed to
identify same-sign charged lepton events compatible with the two same-sign top quarks events,
while keeping down the contribution of background processes. To trigger the events, one can either
rely on the single or double lepton triggers [62]. These triggers are based on the presence of a
single energetic isolated lepton or two low pT isolated charged lepton. To ensure the events satisfy
the trigger, it is required to have two same-sign charged leptons with pT (`) > 25 and η < 2.5.
Furthermore, the leptons are required to satisfy an isolation criteria. The relative isolation for the
electrons and muons are defined as:
RelIso(`) =
∑∆R(`,i)<0.3
i pT (i)
pT (`)
, (4)
where the sum in the numerator is over the transverse momenta of particles lying inside a cone
with a radius of R = 0.3 except for the charged lepton ` itself. For an isolated lepton, the RelIso(`)
is expected to take small values close to zero. In this analysis, the maximum value of 0.15 is taken.
Jets are reconstructed with the anti-kT algorithm [63] as implemented in the FastJet package [64]
with a distance parameter of 0.4. Each event is required to have at least two jets with pT (j) > 30
GeV and |ηj | < 2.5 from which at least one is required to be b-tagged. The efficiency of b-tagging
and the misidentification rates are dependent on the jet pT and are assumed to be similar to the
CMS detector [40]. At a pT of 40 GeV, the b-tagging efficiency is 60%, c-jet misidentification
rate is 14.6%, and a misidentification rate for light flavor jet is 1.1% [65]. In order to have a well
isolated objects in the final state, the angular separation between all selected objects to be larger
than 0.4, at the detector level. All the explained cuts above except for the isolation cut on the
charged leptons and b-tagging are called as the basic cuts. The efficiencies after each cut for three
signal scenarios and for the main backgrounds are shown in Table 1. As it is shown in Table 1, the
isolation requirement does not affect the signal or the W±W±+jets, tt¯W±, and tt¯Z backgrounds,
but it completely eradicates the tt¯ background. That is because in the tt¯ background, one of the
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same-sign leptons comes from a b-jet and thus the environment around the lepton is polluted by
other particles in the jet, whereas in other processes the leptons are produced isolated and they
stay isolated throughout the detector. The requirement of having at least one b-tagged jet is quite
effective to suppress the W±W±+jets background. Technically, the jets in W±W±+jets could be
b-jets, but those are produced either from b-quark PDFs or from CKM flavor changing couplings
which both are suppressed. As can be seen in Table 1, this requirement significantly reduces the
W±W±+jets background while leaving the signal almost unchanged.
cuts mZ′ SM bkg
600 GeV 1 TeV W±W±+jets tt¯ tt¯W± tt¯Z
Basic cuts 14.0% 13.1% 15.0% 20% 31% 8%
Isolated leptons 13.1% 12.3% 14.5% 0.0% 29% 7%
B-tagging 10.6% 10.0% 1.2% – 20% 4%
∆φ(`1, `2) > 1.5 9.6% 9.2% 0.7% – 11% 3%
Table 1: The efficiencies of each cut on two benchmark points mZ′ = 600 GeV and 1 TeV and
the main backgrounds. The couplings of the benchmarks are not important because there is no
interference between the signal and background; thus the behavior of the distributions do not
depend on the couplings. As shown in the table, the background tt¯ gets suppressed by the lepton
isolation cut, and the W±W±+jets is reduced significantly by the b-tagging requirement as well
as the ∆φ(`1, `2) cut.
The cross section of the W±W±jj from DPS after the basic cuts is found to be quite negligible
as a result it is not considered in the rest of this analysis.
To further enhance the signal and suppress the main background events, one can look for the
special features in the kinematics of the signal. In Appendix A, we show the analytical expression
of the |M|2uu→tt. Because none of the backgrounds have exactly the same initial and final states as
the tt signal, there is no interference between signal and background at tree level. Therefore, the
squared matrix element scales as a4ij and none of the kinematics should depend on the coupling.
Consequently, when the benchmarks are specified, only the mass of Z ′ is important. In Fig.6, the
normalized squared matrix element of uu → tt versus √sˆ for three masses of Z ′ are shown for
instance for the case of cos θ = 0 , where θ is the scattering angle in the partonic center-of-mass
frame. As one can see, for larger mZ′ , the
√
sˆ becomes more important. This is a common feature
in the s-channel processes, but not so trivial in t- and u-channels. The sˆ for the tt production could
take large values because the initial states are valence quarks. Since the squared matrix element
dictates the behavior of the final state distributions, the large sˆ seems to be more important in
processes with large mZ′ . As a result, for larger mZ′ , the final state top quarks are more energetic,
and their final states are more collinear. Since both top quarks are back-to-back, their final states
are expected to be almost back-to-back as well.
Figure 7 shows the ∆φ(`1, `2) and indicates that the final decay products of top quarks tend
to become more back to back as mZ′ increases. This is while the background shows no interesting
feature for all values of ∆φ. Thereby, with a cut on ∆φ we can enhance our signal over background
discrimination. Another variable that gets affected by this observation is HT =
∑
visible pT . For
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larger values of mZ′ , the distribution of HT peaks at higher value. However, a cut on HT is not
very efficient and it is mZ′ dependent as a consequence no cut is applied here.
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Figure 7: The distribution of ∆φ(`1, `2) for two benchmark points and sum of all background
processes. The leptons that come from heavier mediator tend to be more back-to-back.
To quantify our sensitivity, a single bin counting experiment is used to set the limits. A Poisson
distribution is taken as the probability of measuring n events:
P(n|ns, nb) = e−(nb+ns) × (nb + ns)
n
n!
, (5)
where ns = ×L× σs and σs, , and L are the same-sign top pair signal cross section, the signal
efficiency after cuts and detector effects, and the integrated luminosity, respectively. The number
of background events after all cuts is denoted by nb. In Eq.5, σs is assumed to be a free parameter
to be able to consider various FCNC signal cross sections. In order to find the upper limit at 95%
confidence level (CL) on the signal rate (σ95%), first one needs to integrated over the posterior
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probability: ∫ σ95%
0 P(n|× σs × L, nb)dσs∫∞
0 P(n|× σs × L, nb)dσs
= 0.95, (6)
then solve the Eq.6 under the assumption of n = nb after giving the inputs for the expected
background, signal efficiency, and the integrated luminosity. The signal efficiencies () for the
three masses of Z ′ are given in Table1. The obtained bounds for various values of integrated
luminosities are shown in Fig.8. As can be seen, the same-sign top quark pair enables us to
constrain aut & 0.05(0.03) for mZ′ ∼ 400 GeV and aut & 0.11(0.065) for mZ′ ∼ 1 TeV with the
integrated luminosity of 100 (3000) fb−1. The limits on act are looser due to the lower cross section
of processes involving charm initial states compared with that of up quarks: act & 0.11(0.067) for
mZ′ ∼ 400 GeV, and act & 0.25(0.1) for mZ′ ∼ 1 TeV with 100 (3000) fb−1 of data at 95% CL.
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Figure 8: The 95% CL limits on Z ′ (up) and φ (down) that have flavor changing coupling with
up and top quarks (left) and with charm and top quarks (right). The region to the left of the
plots are excluded up to 95% confidence level with 100 fb−1 (magenta), 300 fb−1 (blue) and
3000 fb−1 (red) integrated luminosity. The brown lines represents the D0 − D¯0 mixing, where
auc = 0, but to get any bounds from neutral D mixing, we need to have both aut 6= 0 and
act 6= 0. For the LHC bounds, we have assumed only one flavor changing couplings: act = 0 (left)
and aut = 0 (right), but for the neutral D mixing, we have to turn both couplings on.
Following exactly the same procedure as used for Z ′ FCNC analysis and using the same cuts
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for the scalar mediator, the bounds presented in the bottom plots of Fig. 8 are derived. Due to
the smaller cross section of the scalar, the bounds are weaker in terms of the scalar mass. This is
the case for both LHC limits and D0 − D¯0 limits.
4.1.1 Transverse momentum based asymmetry
One of the striking characteristics of the signal, tt + t¯t¯, is the asymmetry between the tt and t¯t¯
cross sections. The production rates of uu → tt and u¯u¯ → t¯t¯ are different at the LHC due to
the fact that u-quark is a valence quark and carries larger fraction of proton momentum (x) with
respect to the u¯-quark which is a sea quark with a PDF peak at low energies. This feature is
quite helpful in discriminating the signal from the background and has been already proposed in
Ref. [66] to study the baryon and lepton number violation at the LHC. As the parton distribution
functions of c-quark and c¯ quark are the same, the cross sections of cc → tt and c¯c¯ → t¯t¯ are
expected to be similar. In the same-sign dilepton decay channel, the tt/t¯t¯ asymmetry can be
directly observed in the charges of same-sign dilepton. This assumption is realistic as the lepton
selection efficiencies and lepton contaminations from fake do not depend on the charge. As a
result, to distinguish between the tuX and tcX signal scenarios and to separate the FCNC signal
from the SM backgrounds, we can define a momentum based charge asymmetry in the following
form:
A``(T ) ≡ N`+`+(T )−N`−`−(T )
N`+`+(T ) +N`−`−(T )
,where T = pT`1 + pT`2 , (7)
where pT (`) is the lepton transverse momentum and N`+`+(N`−`−) is the number of events with
opposite(negative)-sign dilepton. The distribution of the A``(T ) is presented for both FCNC signal
scenarios tuZ ′ and tcZ ′ and for the main background process in Fig.9. The cross section for the
same-sign dilepton decay channel of the main background process i.e. tt¯W± at the next-to-leading
order has been calculated in Ref. [60]. For high pT values, the number of positive leptons should
be much higher than the negative leptons. Hence, if we look at this asymmetry for different
intervals of T , an upward trend is observed. This is while, in the background the asymmetry
has a downward trend versus T . That is because as shown in Fig. 5, the initial states that lead
to `+`+, can be both valence quarks, one valence quark and one sea quark, or both sea quarks.
Similarly, the ones that will make `−`− can also be any combinations of valence quark and sea
quark. There is a slight preference for positive leptons `+`+, due to the slightly higher PDF of
u-quarks compared with d-quarks, leading to a small positive A``. High pT limit corresponds to
high Q2 in the PDFs, and in high Q2, diagrams with sea quark initial state will contribute more
significantly, and thus cause the asymmetry to fade off. Furthermore, the difference between the
up and down PDF in high Q2 limit also becomes more negligible which is another reason the
asymmetry in the background has a modest decrease towards zero.
We present the total asymmetry (summed over all bins) for various mZ′ in Fig. 10, which
demonstrates a small increase in the value of the asymmetry for larger mZ′ . For the case that
we turn aut off, and let act take non-zero values, since charm and anti-charm are both sea quarks
with almost the same PDF behavior, the asymmetry is almost constant at zero. This result is
consistent for all mZ′ tested.
It is important to mention that the introduced asymmetry in Eq.7 is sensitive to the choice
of proton parton distribution functions (PDFs). In a measurement for such an observable (A``),
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Figure 9: The behavior of A``(T ) in terms of T = pT`1 + pT`2 for two benchmark points of signal
and for the background. For the signal benchmarks with aut turned on, the asymmetry has an
upward trend due to the fact that up quark is a valence quark and anti-up quark is a sea quark.
For act turned on, both charm and anti-charm are sea quark leading to almost a constant and
zero value for the asymmetry.
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Figure 10: The total asymmetry is shown as a function of mmed. Note that for the case of
aut 6= 0 and act = 0, the asymmetry increases as a function of mZ′/φ. For act 6= 0 and aut = 0,
however, the total asymmetry is zero for all masses of Z ′ and φ.
one needs to include a source of systematic due to the limited knowledge of the proton PDF. For
instance, we estimated an uncertainty from the choice of PDF by calculating the total asymmetry
with three PDF sets: CTEQ6.6 [67], NNPDF [68], and MSTW [69]. The maximum relative
variation on the asymmetry is found to be ∆A``/A`` = 0.5% for the vector FCNC couplings with
aut = 0.1 and mZ′ = 1 TeV.
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4.1.2 Angular observables
In the last subsection, it has been shown that the transverse momentum based asymmetry A`` is
sensitive to tqX FCNC couplings enabling us to distinguish between the tuX and tcX interactions.
However, A`` has shown negligible sensitivity to the mass of the mediatormZ′/φ. In this subsection,
the concentration is on introducing sensitive observables to the mass of the FCNC mediator and
could discriminate between the scalar and vector FCNC couplings and the background. In this
study, one main difference between the scalar and vector signal scenarios and the background is
that in the background process there is no specific correlation between the two jets or the two
leptons while for the signal processes, the final state particles are highly correlated. This feature
of the signal processes (scalar and vector) and background could be examined using the the four
momenta of the visible particles in the detector. We look at the following variables:
O1 =
[zˆ · (~pb1 × ~pb2)][zˆ · (~pb1 − ~pb2)]
m3t
O2 =
[zˆ · (~p`1 × ~p`2)][zˆ · (~p`1 − ~p`2)]
m3t
(8)
where b1 (`1) is the leading jet (lepton), and b2 (`2) is the second leading jet (lepton). The
momentum vector of each object is specified by p, and zˆ is the direction along the beam. The
distributions of O1 and O2 observables for the tuZ
′ signal with mZ′ = 100, 3000 GeV and for the
background are depicted in Fig.11. As it can be seen, the distributions peak at zero and the O1
and O2 distributions become narrower with a sharper peak at zero when the mass of Z
′ increases.
The behaviors of the O1 and O2 could be understood by looking again at the squared matrix
element of the signal process presented in Fig.6. At low values of sˆ, the squared matrix element
tends to small values and in particular for larger mZ′ , it grows with sˆ. As a result, the the top
quarks in the for large Z ′ mass are boosted which means their decay products are almost colinear,
and almost along the same direction. Since the top quarks are nearly back-to-back, the jets and
leptons are expected to be back-to-back as well. Hence, pb(`)1 × pb(`)2 → 0, leading to O1 = 0 and
O2 = 0. Thereby, the O1,2 distributions for the signal processes should have a peak in around
zero , and the peak gets sharper as the mass of Z ′ increases.
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Figure 11: The distributions of O1 and O2 (defined in Eq. 8) for the tt signal with the Z
′ masses
of 100 GeV and 3000 GeV and for the SM background.
A measure which quantifies the sharpness of the peak and heaviness of the tail is kurtosis.
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Sharper peaks lead to smaller value of kurtosis. We can then compare the kurtosis for vari-
ous values of mZ′/φ with respect to the SM. Fig. 12 demonstrates the values of kurtosis for few
benchmark points and the black dashed-line corresponds to the SM background value. The ar-
gument presented solely depends on the value of
√
sˆ. To see how the peaks at zero varies for
different benchmarks, recall that for larger mediator mass, the effect of
√
sˆ is more significant.
Consequently, the peak should be sharper for heavier Z ′ mass, as shown in Fig. 11.
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Figure 12: The kurtosis of our benchmark points in the O1 and O2 (defined in Eq. 8)
distribution. The black solid line belongs to the SM value. The values that belong to to the Z ′
mediation are shown in blue, and the ones with scalar mediator φ, is in red. The Kurtosis for
lighter mediators is higher than the heavier ones. Moreover, the peaks when φ is the mediator is
consistently sharper than when Z ′ mediates.
The O1 and O2 variables are able to distinguish between φ and Z
′ mediators as they have
different spins which leads to some difference in the angular distribution of the final top quarks.
As shown in Fig. 12, the difference is very noticeable especially for smaller mZ′/φ.
4.2 Same-Sign top pair plus a W boson
To further enhance the sensitivity to the tqZ ′ and tqφ flavor changing, we also look at same-sign
top pair + X, where X could be either a gauge boson or a jet. X can be determined such that the
ratio of signal over background is the most optimal or a good sensitivity is achieved. For the cases
X = jets, photon, or Z, since there are many colored or electromagnetic charged intermediate
states in the background, the diagrams of the background increase much faster than the one of
the signal. In particular, for X = jet, a significant increase in the signal cross section is observed
however the background is more troublesome. For X = W , the increase in the diagrams of the
background is more tame, and a better chance of improving the sensitivity is expected. The
representative leading order Feynman diagrams for ttW in the SM (left) and in the pure FCNC
model (right) are presented in Fig.13.
The cross section of the ttW in the presence of the FCNC couplings is expected to be smaller
than the tt signal because we are exchanging one of the up quarks with a down quark in the initial
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Figure 13: Representative Feynman diagrams for production of same-sign top quark pair in
association with a W boson in the SM (left) and in the vector and scalar FCNC model (right) at
the LHC.
state and also ttW process has a smaller phase space due to the presence of a heavy W boson in
the final state. The production cross section of the ttW process versus the mass of Z ′ and φ is
presented in Fig.4. Less amount of background than the tt process would contribute which makes
this channel interesting enough to study. To still benefit from same-sign top pair features, the
leptonic decay of the top quarks is considered and the hadronic decays of the W boson is taken
into account as it has higher branching fraction than the leptonic. The main background processes
are tt¯V with V = W,Z, W±W±+jets and four top quarks production. The irreducible SM ttW
production shown in the left side of Fig.13 is expected to be negligible due to CKM suppression.
Consequently, it is not considered in the analysis.
The same as the same-sign top study, the signal and background events are generated with
MadGraph5-aMC@NLO. Then the generated events are passed through Pythia 6 for showering and
hadronization, and finally to Delphes 3 to inlcude the detector level effects. The signal events
are selected by requiring exactly two same-sign charged leptons with p`T > 25 GeV and |η| < 2.5.
The charged leptons are required to be well-isolated with RelIso < 0.15, where RelIso is defined in
Eq.4. Jets are reconstructed using the anti-kT algorithm with a distance parameter of 0.4. Each
event has to have at least four jets with pT (j) > 30 GeV and |ηj | < 2.5 from which two should be
b-tagged. The missing transverse energy EmissT is required to be greater than 40 GeV. For further
background reduction, a lower cut is applied on the transverse mass of the final state defined as:
mT =
√
(ETb1 + ETb2 + ET`1 + ET`2 + E
miss
T )
2 − (~pTb1 + ~pTb2 + ~pT`1 + ~pT`1 + ~pmissT )2, (9)
The distribution of the mT for the ttW signal with mZ′ = 600 GeV and aut = 0.1 and for
the the main background process i.e. tt¯W± are presented in Fig.14. As it can be seen, the signal
events tend to have a peak at larger value with respect to the background. For the background,
the peak is around 300 GeV while the signal peaks at around 550 GeV. Therefore, applying a
lower cut on mT is useful to suppress the background contribution considerably. A minimum
value of 350 GeV is applied on mT .
After the cuts, sum of the background cross sections is found to be 0.28 fb. The signal
efficiencies after the cuts for the Z ′ masses of 400 GeV, 600 GeV, 1 TeV are 2.5%, 2.6%, 2.5%,
respectively.
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Figure 14: The distribution of the transverse mass mT of the system as defined in Eq.9 for the
signal with aut = 0.1,mZ′ = 600 GeV and for the tt¯W background process.
Using the same statistical procedure as the one explained previously in Eq.6, upper limits at
the 95% CL are set on the ttW cross section and the limits are translated into constraints on
the parameter space of the model, i.e. (aqt,mZ′/φ). Figure 15 shows the bounds at 95% CL on
vector flavor changing and scalar flavor changing with up and top quarks and with charm and
top quarks. The exclusion regions are depicted with 100 fb−1, 300 fb−1 and 3000 fb−1 integrated
luminosities.
According to Fig.15, the ttW process excludes the parameters aut & 0.13(0.08) for mZ′ ∼
400 GeV and aut & 0.21(0.14) for mZ′ ∼ 1 TeV with 100 (3000) fb−1 of integrated luminosity.
As expected, the limits on act is looser which is found to be act & 0.42(0.25) for mZ′ ∼ 400 GeV,
and act & 0.77(0.42) for mZ′ ∼ 1 TeV for the integrated luminosity of 100 (3000) fb−1. Going
to higher integrated luminosities will improve the sensitivity on aut and act by a factor of around
. 2. For the scalar scenario, the strongest limit on the aut and act are 0.15 and 0.45, respectively.
The exclusion regions obtained from the ttW process are looser with respect to those derived from
the tt process. However, a comparison of limits shows that, for a given integrated luminosity, the
exclusion borders from tt channel have larger slopes in tt process than the ttW . As a result,
the combination of these two channels would improve the exclusions limits in particular for the
large Z ′/φ mass regions. In the next subsection, the combination procedure and results will be
presented.
4.3 Combination of the tt and ttW channels
So far, the sensitivities of the same-sign top and same-sign top associated with a W boson have
been studied and the exclusion limits presented in the previous sections. Here, the goal is to
combine the two analyses which is expected to provide a better sensitivity to the parameter space
of the model.
In order to derive the bounds from the combination of the two production mechanisms tt
and ttW , the same statistical technique as explained in Eq.5 and Eq.6 is used. The number of
signal is defined as ns =
∑
i=channels i × σi × L, where i runs over the contributing processes.
It should be noted that the cut efficiencies i vary depending on the production mechanisms and
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Figure 15: The 95% CL limits on Z ′ (up) and φ (down) that have flavor changing coupling with
up and top quarks (left) and with charm and top quarks (right). The exclusion regions are
presented with 100 fb−1 (pink), 300 fb−1 (blue) and 3000 fb−1 (red) integrated luminosity.
also for each process the efficiency is dependent on the mass of the Z ′/φ. Therefore, to derive
95% CL exclusion limits on the model parameters aqt and mZ′/φ, one needs to properly considers
the selection efficiencies.
The exclusion plots of the combined channels at 95% CL for (aut,mZ′) and (aut,mφ) are
depicted in Fig.16. The combination improves the upper limit on aut for various masses of Z
′ and
φ in particular with the integrated luminosities of 100 fb−1 and 300 fb−1. With an integrated
luminosity of 100 fb−1, for mZ′(mφ) = 1 TeV, the upper limit on aut gets improved with an
amount of 20%(30%).
In Refs. [39,40], the ATLAS and CMS experiments presented the results of searches for mono-
top events using the proton-proton collisions at the center-of-mass energy of 8 TeV with an inte-
grated luminosity of 20.3 fb−1 and 19.7 fb−1, respectively. Both searches are based on the leptonic
decays of the top quark which is produced associated with missing energy. For a coupling strength
of aqt = 0.1, ATLAS and CMS excluded Z
′ mass lower than 523 GeV and 432 GeV, respectively.
From the the combined analysis of tt and ttW channels, with 100 fb−1, a lower limit of ∼ 1500
GeV is obtained for aut = 0.1.
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<latexit sha1_base64="luKhtFLURo6M/VLe+C9IJhBuLEQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh6 9BIvgqewWQb0VvHisYD+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5YSK4sZ73jUobm1vbO+Xdyt7+weFR9fikY+JUU9amsYh1LySGCa5Y23IrWC/RjMhQsG44vcv97hPThsfq0c4SFkg yVjzilNhc8up+Y1iteXVvAbxO/ILUoEBrWP0ajGKaSqYsFcSYvu8lNsiItpwKNq8MUsMSQqdkzPqOKiKZCbLFrXN84ZQRjmLtSlm8UH9PZEQaM5Oh65TETsyql4v/ef3URjdBxlWSWqboclGUCmxjnD+OR1w zasXMEUI1d7diOiGaUOviqbgQ/NWX10mnUfddZA9XteZtEUcZzuAcLsGHa2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8AcIGjVo=</latexit><latexit sha1_base64="luKhtFLURo6M/VLe+C9IJhBuLEQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh6 9BIvgqewWQb0VvHisYD+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5YSK4sZ73jUobm1vbO+Xdyt7+weFR9fikY+JUU9amsYh1LySGCa5Y23IrWC/RjMhQsG44vcv97hPThsfq0c4SFkg yVjzilNhc8up+Y1iteXVvAbxO/ILUoEBrWP0ajGKaSqYsFcSYvu8lNsiItpwKNq8MUsMSQqdkzPqOKiKZCbLFrXN84ZQRjmLtSlm8UH9PZEQaM5Oh65TETsyql4v/ef3URjdBxlWSWqboclGUCmxjnD+OR1w zasXMEUI1d7diOiGaUOviqbgQ/NWX10mnUfddZA9XteZtEUcZzuAcLsGHa2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8AcIGjVo=</latexit><latexit sha1_base64="luKhtFLURo6M/VLe+C9IJhBuLEQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh6 9BIvgqewWQb0VvHisYD+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5YSK4sZ73jUobm1vbO+Xdyt7+weFR9fikY+JUU9amsYh1LySGCa5Y23IrWC/RjMhQsG44vcv97hPThsfq0c4SFkg yVjzilNhc8up+Y1iteXVvAbxO/ILUoEBrWP0ajGKaSqYsFcSYvu8lNsiItpwKNq8MUsMSQqdkzPqOKiKZCbLFrXN84ZQRjmLtSlm8UH9PZEQaM5Oh65TETsyql4v/ef3URjdBxlWSWqboclGUCmxjnD+OR1w zasXMEUI1d7diOiGaUOviqbgQ/NWX10mnUfddZA9XteZtEUcZzuAcLsGHa2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8AcIGjVo=</latexit><latexit sha1_base64="luKhtFLURo6M/VLe+C9IJhBuLEQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh6 9BIvgqewWQb0VvHisYD+gXUo2zbahSXZJskJZ+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5YSK4sZ73jUobm1vbO+Xdyt7+weFR9fikY+JUU9amsYh1LySGCa5Y23IrWC/RjMhQsG44vcv97hPThsfq0c4SFkg yVjzilNhc8up+Y1iteXVvAbxO/ILUoEBrWP0ajGKaSqYsFcSYvu8lNsiItpwKNq8MUsMSQqdkzPqOKiKZCbLFrXN84ZQRjmLtSlm8UH9PZEQaM5Oh65TETsyql4v/ef3URjdBxlWSWqboclGUCmxjnD+OR1w zasXMEUI1d7diOiGaUOviqbgQ/NWX10mnUfddZA9XteZtEUcZzuAcLsGHa2jCPbSgDRQm8Ayv8IYkekHv6GPZWkLFzCn8Afr8AcIGjVo=</latexit>
Figure 16: The limits on Z ′ that has flavor changing coupling with up and top quarks. The rest
of the flavor changing couplings are set to zero. The excluded regions for tt (dashed) and
combination of tt and ttW (solid) is shown. The regions to the up of the plots are excluded in
95% CL for 100 fb−1 (magenta), 300 fb−1 (blue) and 3000 fb−1 (red) integrated luminosity.
5 Summary and conclusions
In this paper, we have performed a detailed analysis to search for flavor violation effects in the
top quark sector following a simplified theory approach. In the considered model, the tree-level
couplings of tqZ ′ and tqφ with q = u, c are allowed. Such FCNC couplings allow the productions
of same-sign top (tt+ t¯t¯) and same-sign top in association with a W boson (ttW−+ t¯t¯W+) which
are complementary channels besides the monotop signature. The total cross sections of the tt and
ttW processes are around 3000 fb and 200 fb for aut = 0.25 and mZ′ = 1 TeV. We concentrate on
the same-sign dilepton channel for the tt process, where both top quarks decay leptonically and for
the ttW , the same-sign dilepton decays of the top quarks and the hadronic decay of the W boson
are considered. Same-sign dilepton events are a striking sign of physics beyond the SM at the
LHC. The analyses have been done by taking into account the response of a CMS-like detector and
the contributions of the main background processes. For both channels, sets of kinematic variables
have been proposed to discriminate the signal events from the main background processes. The
95% CL exclusion regions on the FCNC coupling strengths versus mZ′/φ have been obtained
with different scenarios of the integrated luminosities of 100 fb−1, 300 fb−1, and 3000 fb−1. We
also have proposed a momentum dependent charge asymmetry as a powerful tool to discriminate
between tt signal and background which also has the ability to separate the tuX signal scenario
from tcX, where X = Z ′, φ. It has been found that the combination of the two processes tt and
ttW would improve the constraints on the flavor changing coupling aqt between 10% to 20%. For
mZ′(mφ) = 1 TeV, any value of the flavor changing coupling above aut & 0.06(0.08) is excluded
with 3000 fb−1 at 95% CL.
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A Squared Matrix Element of the Same-Sign Top
The squared matrix element of uu→ tt for a flavor changing scalar mediator φ is
|M|2uu→tt =
(m2t − t)2
(m2φ − t)2
+
(m2t − u)2
(m2φ − u)2
+
2m4t − 2m2t (−2s+ t+ u)− s2 + t2 + u2
2(m2φ − t)(m2φ − u)
(10)
where s, t, u are the Mandelstam variables. The squared matrix element of uu → tt for a flavor
changing vector mediator Z ′ is
|M|2uu→tt =
2(m2t − s)2 − 4m2tu+ 2u2
(m2Z′ − t)2
+
+
2(m4t − 2m2t s− 2m2t t+ s2 + t2)
(u−m2Z′)2
−
− 4s(3m
2
t − s)
(m2Z′ − t)(u−m2Z′)
(11)
|M|2uu→tt could be expressed in the partonic center-of-mass frame as following:
1
((−2m2t + 2m2Z′ + s2)2 − s4 cos2(θ))2
(
4s2(4m2t + s
2)(−2m2t + 2m2Z′ + s2)2+
+ 8s4 cos2(θ)(2s2(3m2Z′ − 4m2t )+
+ 2(m2t −m2Z′)2 + 7s4) + 4s8 cos4(θ)
) (12)
where θ is the scattering angle in the center-of-mass frame. One can see for more massive Z ′, the
terms that are proportional to s become more relevant.
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